explained by the level of [Ca 2ϩ ] i (von Gersdorff and Matthews, 1994a, 1994b) . Moreover, in neuroendocrine Department of Physiology cells, elevated [Ca 2ϩ ]i is required for fast endocytosis University of Colorado Medical School (Thomas et al., 1994; Burgoyne, 1995; Artalejo et al., Denver, Colorado 80262 1995, and it has recently been reported that cultured hippocampal neurons exhibit an endocytic rate that is virtually independent of the amount of preceding Summary stimulation (Ryan et al., 1996) . We have studied the rate of endocytosis in frog motor We used FM1-43 imaging and intracellular recordings nerve terminals using two optical techniques (FM1-43 of synaptic potentials to measure the time course of and fura-2 imaging) and electrophysiological recordings endocytosis in frog motor nerve terminals following of end plate potentials (EPPs). We found that the endotetanic nerve stimulation, and we used fura-2 imaging cytic time constant was strongly dependent 
Introduction
We measured the rate of endocytosis using a modification of a technique that was employed with cultured After a synaptic vesicle undergoes exocytosis, its memhippocampal neurons (Reuter and Porzig, 1995 ; Ryan brane is reinternalized, refilled with transmitter, and reet al., 1993, 1996) . In brief, a frog cutaneous pectoris cycled into the vesicle pool. The precise time course and muscle bathed in normal frog Ringer solution was stimuroute by which the constituents of the vesicle membrane lated electrically via its nerve at 30 Hz for a certain period make their way back inside are not known with certainty, of time (10 s, 60 s, or 300 s). As illustrated in Figure 1 , although a reasonably tight temporal linkage exists bea "delay time" followed the end of the stimulus train, tween exo-and endocytosis, with exocytosis preceedand then the preparation was exposed to the styryl dye ing and perhaps evoking endocytosis. Estimates of the FM1-43. The dye was taken up by endocytosis, and time course of endocytosis vary by more than two orders (after the preparation was washed), we measured the of magnitude (from less than one second to nearly a fluorescence intensity of several nerve terminals in the minute) in different preparations. One potential source muscle. The longer the delay time between the end of of this variability in endocytic rate is stimulus intensity, the stimulus train and the addition of FM1-43, the lower with stronger stimuli evidently leading to slower endothe staining intensity of the terminals. The images in cytic rates (Heuser and Reese, 1973 ; Thomas et al., Figure 1A are only representative; each terminal came 1994; von Gersdorff and Matthews, 1994a, 1994b ; Betz from a different muscle. Complete data for the paradigm and Bewick, 1993) . The concentration of free calcium using a 60 s stimulus train are shown in Figure 1B ; each ions in the cytoplasm, [Ca 2ϩ ] i , rises during and remains point represents the average brightness of four to five elevated after repetitive nerve stimulation in various stained terminals in a single muscle, normalized to the types of nerve terminals (e.g., Kamiya and Zucker, 1994;  average fluorescence intensity at zero delay time. Figure  Regehr Swandulla et al., 1991) , and in one 1C shows the same data as in Figure 1B with the backpreparation (goldfish retinal bipolar terminals), the inground uptake ("no stim") subtracted. While there is stantaneous level of elevated [Ca 2ϩ ]i has been shown considerable scatter in the data, it is clear that dye directly to inhibit endocytosis (von Gersdorff and Matuptake decreased with increasing delay time. The solid thews, 1994b). Not all evidence, however, is consistent line in Figure 1C is an exponential fit to the data; the with this model. In bipolar terminals, a component of time constant is 57 s and represents the time constant endocytic slowing with increased stimulation cannot be of endocytosis following a stimulus train of 30 Hz for 60 s (cf. Ryan et al., 1996) . We repeated this experiment with two other stimulus ments are shown in Figure 2 and Table 1 . In each case, FM1-43 was left on for a total of 5 min, and then the preparations were washed for 30-90 min before the images were acquired. Note that the longer the delay time, the dimmer the resulting fluorescence, showing that dye uptake declined with time after the end of the stimulus train. The bottom panel (no stim) was not stimulated and served as a control for constitutive dye uptake. Scale bar represents 5 m.
The relative fluorescence intensity of terminals is plotted against delay time. Each point is the average intensity of four to five nerve terminals in one muscle.
(C) Same data as in Figure 1B with background ("no stim") subtracted. The solid line is the best exponential fit to the data and has a time constant of 57 s.
data were analyzed as in Figure 1C and plotted as mean and then leaving the preparation exposed to the dye for an additional 15 min, by which time endocytosis was Ϯ1 SEM. The time constants of endocytosis were 23 s (10 s train; Figure 2A ), 57 s (60 s train; Figure 2B , which complete. Then, after washing the preparation in normal Ringer solution, we measured the brightness of several is the same as Figure 1C ), and 460 s (300 s train; Figure  2C ). To illustrate better the change in endocytic time terminals. This was repeated in four muscles. Because stimulation at higher frequencies or for longer times (or constant with stimulus train duration, the best exponential fits to these data are shown on the same time scale both) did not result in significantly brighter fluorescence, we take this brightness to represent the maximum possiin Figure 2D . It is clear that endocytosis was slower with longer stimulus trains. ble labeling of nerve terminals. With trains of shorter duration, fluorescence was reduced. For example, with Figure 2E shows the time courses normalized to a common standard, namely the maximum labeling of frog a 60 s train (dye present during and after stimulation), labeling was about 40% as bright as the maximum promotor nerve terminals with FM1-43. As shown in the inset, maximum labeling was achieved by stimulating duced by a 300 s train; with a 10 s train, labeling was only about 12% of the maximum. the nerve at 30 Hz for 300 s in the presence of FM1-43, (A) After a 10 s stimulus train, the average endocytic time constant was 23 s. Each point is the average Ϯ1 SEM fluorescence intensity of four to five nerve terminals in each of three to five muscles. (B) After a 60 s stimulus train, the endocytic time constant was 57 s (same data as in Figure 1C ). (C) After a 300 s stimulus train, the endocytic time constant was 460 s. (D) The best fit exponentials from (A)-(C) (labeled a-c, respectively) are plotted with a single time scale, showing more clearly the pronounced slowing of endocytosis with increasing stimulus train duration. (E) The same curves are plotted, normalized to the maximum brightness (obtained, as shown in the inset, by stimulating the nerve at 30 Hz for 5 min in FM1-43, which was present during and after the stimulation period). For example, as shown in curve c, terminals were 74% maximum brightness if FM1-43 was added immediately after a 300 s stimulus train. This indicates that 74% of the vesicle pool membrane was exposed to the extracellular fluid immediately after the 300 s stimulus train. Curves a-c in Figure 2E show the uptake of dye added vesicle] membrane was constant). These data suggest after the end of the stimulus train. Thus, the data in that the amount of unretrieved membrane at the end of Figure 2E represent the approximate percentage of the the 300 s stimulus train was 74% maximum (curve c); total vesicular pool that remained exposed to the extraafter the 60 s train, unretrieved vesicle membrane was cellular fluid at any time after the end of the stimulus 15% maximum (curve b); after the 10 s train, 8% of the train (assuming that the total amount of [surface plus vesicle pool was unretrieved (curve a). Finally, Figure 2F shows the relationship between the duration of stimulation (X axis) and the endocytic rate Figure 2E ). The reasonably good agreement is consistent with the hypothesis that endocytic rate changes continuously during nerve stimulation. (C) Dye uptake during the last minute of stimulation was measured by adding dye only during that time (inset). The observed uptake (right bar, mean Ϯ1 SEM; n ϭ 18 terminals from four muscles) was 16% of a maximal load. This agrees well with the expected uptake (left bar; vertical line shows calculated range of expected uptake). The calculation was made feasible because little or no exocytosis occurred during the last minute of stimulation ( Figure 3A) , and thus only endocytosis of previously released vesicles was occurring.
retrieval, the initial endocytic rates (which equals the face. While unable to answer this question directly, we instead asked whether a simple model could quantitainitial amount of unretrieved membrane [ Figure 2E ] tively predict the observed data. The results were conmultiplied by endocytic rate constant [ Figure 2F ]) were sistant with a model in which the endocytic rate slows 0.35%, 0.26%, and 0.16% of total vesicle membrane continuously and gradually during repetitive stimulation. per second after stimulus trains lasting 10 s, 60 s, and Figure 3A shows amplitudes of EPPs evoked by nerve 300 s, respectively. Thus, even though the surface memstimulation at 30 Hz for 300 s. The EPP peak amplitudes brane contained over nine times as much unretrieved were summed and plotted as a measure of cumulative vesicle membrane after the 300 s train compared with transmitter release during the first 60 s in Figure 3B the 10 s train, the absolute rate of membrane retrieval (curve a: Exo). The end point is normalized to 40% bewas slower (see Discussion).
cause imaging experiments described above showed that stimulation for 1 min produced fluorescence about Endocytic Rate Appears to Change Progressively 40% as intense as maximal labeling (and little or no during Repetitive Stimulation vesicle recycling occurs during a 1 min stimulus train; We explored two further aspects of the inverse depen- Betz and Bewick, 1993) . Next, using a simple iterative dence of endocytic rate on stimulus train duration. First, procedure, we calculated the amount of endocytosis we studied how the endocytic rate decreased during a expected during the stimulus period ( Figure 3B , curve stimulus train. We were particularly interested to know b: Endo). We assumed that the endocytic rate constant whether endocytosis slowed gradually during repetitive changed during the stimulus train according to the expostimulation, or whether there might be an abrupt nential curve shown in Figure 2F . The solid line in Figure  " switch" from a rapid retrieval process, such as a direct 3B is the difference between curves a and b and repreclosure of a fusion pore, to a slower process that might sents the predicted unretrieved vesicle membrane remaining on the surface of the axon terminal. The two reflect full collapse of vesicle membrane into the sur-data points are the observed values of unretrieved vesipore flickering had occurred selectively at 1 Hz, then the dye loss (squares in Figure 4C ) would have fallen cles (10 s and 60 s, from Figure 2E ). While both points fall below the predicted curve by a similar amount (see below the summed EPP curve (circles). We performed this experiment ten times (five times with 30 Hz stimulaDiscussion), the agreement is reasonably good, consistent with the hypothesis that the endocytic rate slowed tion first, five times with 1 Hz first); average results from all ten experiments are shown in Figure 4D and show continuously during stimulation.
The 5 min stimulation paradigm offered an additional nearly identical amounts of dye loss and transmitter release at both stimulus frequencies, suggesting that opportunity to measure endocytosis during stimulation ( Figure 3C ). We calculated and measured the amount the dye loss per exocytosed vesicle at 1 Hz was not different from that at 30 Hz. of dye uptake during the last minute of the 5 min stimulus train. The calculation depended on the observation that EPP amplitudes fell to virtually 0 mV late in the stimulus Endocytic Rate Is Not Inhibited by Elevated [Ca 2؉ ]i train ( Figure 3A) . Thus, during the last minute of the What is the physiological basis for the slowing of endostimulus train, only endocytosis was occurring. Because cytosis during prolonged stimulation? One clear candi-74% of the total vesicle population was externalized at date is elevated [Ca 2ϩ ]i, a phenomenon known to occur the end of the 5 min stimulus train ( Figure 2E ), more during and after repetitive stimulation in other cells, and than 74% must have been exposed after 4 min of stimudemonstrated to slow endocytosis in goldfish retinal lation, the difference reflecting the amount of endocytobipolar terminals (von Gersdorff and Matthews, 1994b) . sis during the last minute of the stimulus train. The endoTo measure [Ca 2ϩ ] i , we loaded frog motor nerve termicytic time constant after 4 min of continuous stimulation nals with the salt form of fura-2 by diffusion from the is not known, but it must be somewhat shorter than after cut end of the axon (Peng and Zucker, 1993) and then 5 min (460 s, or 7.7 min). If we assume a time constant ratio-imaged filled terminals during repetitive nerve of 5-7 min after 4 min of stimulation, then the calculated stimulation. A typical example is shown in Figure 5 . The amount of unretrieved membrane remaining after 4 min preterminal axon (arrow) gave rise to several synaptic of stimulation was 74/(exp(Ϫt/endo)), or 87%-90%. Subterminal branches that course horizontally. The images tracting 74% gives the predicted amount of endocytosis were obtained (from top down) before, during, and after during the last minute of stimulation, namely 13%-16% repetitive nerve stimulation. [Ca 2ϩ ]i was about 100 nM ( Figure 3C , left bar; error bars show range of estimate).
at rest and rose to about 1 M in the terminals during To test this prediction, we measured the amount of enstimulation. docytosis during the last minute of stimulation by These and other data are quantified in Figure 6 . The exposing the preparation to FM1-43 during this time three superimposed traces in Figure 6A show the effects only ( Figure 3C, inset) Figure 6B , which is a double logarithmic plot of the data in Figure 6A . Average (ϩ1 The preceding observations were made at a stimulus frequency of 30 Hz, and we wondered whether a differ-SEM) results from all experiments (n ϭ 5) are shown in Figure 6C (image ratios were acquired at the times ent endocytic mechanism might preferentially operate at a lower stimulus frequency. In particular, it has been marked by the data points) and Figure 2D ). carelli, 1981). Such a mechanism should result in the preferential release of acetylcholine, compared with reDid the rate of endocytosis follow the instantaneous value of [Ca 2ϩ ] i ? In Figure 6C , curve a, the declines in lease of FM1-43 (Henkel and Betz, 1995) . To test this, we measured transmitter release and dye release at two [Ca 2ϩ ] i and endocytosis (dotted line) after the stimulus train are in good agreement. Curves b and c, however, stimulus frequencies. Figure 4A shows data from one experiment. The fluorescence intensity of one nerve terare different. In curve c, [Ca 2ϩ ]i fell immediately after the end of the stimulus train to 200-250 nM and remained minal (top) and the simultaneously recorded EPP amplitudes (bottom) are plotted. Stippled areas mark times at that level while endocytosis proceeded with a time constant of 460 s (dotted line). In curve b, the level of of nerve stimulation at 30 Hz or 1 Hz. Figure 4B shows these data from the 30 Hz stimulation period plotted as [Ca 2ϩ ]i also remained at 200-250 nM during endocytosis, although the average endocytic time constant was only cumulative EPP amplitudes (left axis) and cumulative dye loss (right axis); the dye loss data were multiplied 57 s. Thus, while levels of [Ca 2ϩ ] i were nearly identical after 60 and 300 s stimulus trains, the rates of endocytoby 0.096 to equate the last EPP point (t ϭ 40 s) with the last dye loss point. Would the scaling factor used to fit sis differed by a factor of eight (Table 1) . We also examined the relationship between endocytic data in Figure 4A Figure 3B . The same scaling factor (0.096) produced a good fit to the data. If rapid fusion pore flicker had occurred selectively at 1 Hz, then the dye loss points (squares) would have fallen significantly below the summed EPP points (circles). (D) Results from all ten experiments show that the average Ϯ1 SEM percent dye loss per unit of summed EPP was nearly identical at 30 Hz (10.7% Ϯ 1.8%/V) and 1 Hz (11.2% Ϯ 1.6%/V).
time constant to about 7 min ( Figure 6C , curve c), then exposed to dye during and after the stimulus train; this served as control and was normalized to 100%. The during repetitive nerve stimulation, when [Ca 2ϩ ] i was much higher than 250 nM (sometimes exceeding 1 M), right bar is from terminals exposed to FM1-43 only after the stimulus train; the average dye uptake was 32% endocytosis should have been no faster, and probably even slower. Data presented earlier suggested that this of controls. The middle bar is from terminals exposed before and during, but not after the stimulus train. The was not so, because terminals were shown to take up dye during stimulation ( Figures 2E and 3C) . We examaverage dye uptake was 66%. This value is in good agreement with the poststimulus uptake, because the ined this uptake more thoroughly as illustrated in we assume that all transmitter release occurred at the beginning of the 1 min stimulus train, then the amount rescence intensity of terminals from muscles that were ) ϭ 12.2% (arrow in Figure 7 ), far less than observed. In summary, it appears difficult to reconcile cytic rate was not a reflection of the instantaneous level of [Ca 2ϩ ] i (see Table 1 ). As summarized in Table 2 , the these observations with the hypothesis that the instantaeous level of elevated [Ca 2ϩ ] i determined the rate results are in agreement with some but not all studies performed with other preparations. of endocytosis in frog motor nerve terminals.
Discussion

Maximum Rate of Endocytosis
Capacitance measurements have shown that endocytosis can occur with a time constant of a few seconds or The present work revealed three new aspects of endocytosis in frog motor nerve terminals. The fastest endocytic less in neuroendocrine cells and in goldfish retinal bipolar cells (Thomas et al., 1994 ; von Gersdorff and Matrate that we could detect was about an order of magnitude slower than that shown to occur in many other thews, 1994a; Artalejo et al., 1995) . Using FM1-43 up- for the clear demonstrations of faster endocytosis in a variety of cell types by the capacitance technique.
Endocytic rate at the frog neuromuscular junction slows with increasing stimulation (see below), raising the possibility that it is much faster with stimulus trains briefer than those that we used (10 s at 30 Hz was the shortest at which we could reliably measure dye uptake). However, an endocytic time constant of ‫2ف‬ s with minimal stimulation would require a Y axis intercept in Figure  2F about ten times higher than the exponential extrapolation of our data.
Another possibility is that post-tetanic increase in the rate of spontaneous exocytosis prolonged the period of endocytosis and dye uptake, thereby masking a faster process. In the frog, the frequency of spontaneous min- Figure 2E ) are externalized, panel, arrow).
and the initial rate of endocytosis (k0) was equivalent to about 1050 vesicles per second (24,000/ endo , where endo ϭ 23 s, Figure 2A) . Thus, the post-tetanic MEPP take, we found that the endocytic time constant after a rate (10-30 per second) is only a few percent of the rate 10 s stimulus train (30 Hz) was much longer (about 23 of dye uptake and would have a negligible effect on the s) in frog motor nerve terminals. Even extrapolating back estimate of endocytic rate. The same can be said for to zero train duration produced an estimate of the fastest stimulus trains of 60 s (k 0 ≈ 730 vesicles per second) endocytic time constant of 19.5 s. These results are and 300 s (k 0 ≈ 480 vesicles per second). similar to those reported by Ryan et al. (1996) , who A related question concerns the mechanism of fast used FM1-43 uptake to measure endocytosis in cultured endocytosis, that is, whether the retrieved membrane is hippocampal neurons, obtaining a time constant of the same as that exocytosed, or different. Capacitance about 20 s. Whether this puzzling situation reflects dif-"flicker" measurements and especially amperometric ferences in measuring technique (FM1-43 versus capac-"flickering feet" provide strong evidence that fusion itance) or real biological differences is unknown. At the pores can open and quickly close directly, discharging neuromuscular junction, ultrastructural localization of a small fraction of granule contents in neuroendocrine photoconverted FM1-43 shows that it is indeed recells (Zhou et al., 1996) and leech neurons (Bruns and stricted to recycled synaptic vesicles (Henkel et al., Jahn, 1995) . At motor nerve terminals, such flickering 1996), and endosomes that form within a few seconds would allow complete escape of acetylcholine (Spruce in bovine adrenal chromaffin cells are labeled with FM1-et al., 1990) , but little or no release of FM1-43 (Henkel 43 (Smith and Betz, 1996) . Faint signs of a faster process . Such events, if they exist, might be that escaped direct detection with FM1-43 uptake can more common with low stimulus rates than with high be seen in Figure 3B , where a small component of fast, rates (Meldolesi and Ceccarelli, 1981) . Thus, we cominitial endocytosis could explain a modest discrepancy pared release of FM1-43 and acetylcholine at stimulus between observed and predicted results, and in Figure  train frequencies of 1 Hz and 30 Hz. We found that the 2B of Ryan et al. (1996) , where an early rapid internalizadye and transmitter release levels were equated with tion process with a time constant of about 5 s might be the same scaling factor at 1 Hz and at 30 Hz, suggesting inferred. These, however, are weak arguments, and they that exocytic mechanisms were no different at the two stimulus frequencies. This conclusion, however, rests probably would not merit special attention were it not Artalejo et al. (1995 Artalejo et al. ( , 1996 , Burgoyne (1995) ; c von Gersdorff and Matthews (1994a, 1994b on the assumption that dye cannot escape from a vesicle times more vesicles per active zone than do the hippocampal terminals, have a disproportionately large exoby diffusion in the plane of the membrane (Henkel and cytic capacity that can overwhelm the endocytic pro- Ryan et al., 1996) . cess and lead to substantial and measureable slowing This result also bears on the possible existence of an in the time course of endocytosis. The physiological entirely separate and parallel flickering exocytic pathsignficance of this is unknown, but may be further reway, which never becomes labeled with FM1-43 beflected in the good agreement between the time concause its fusion pore openings are so short lived and stants of endocytosis and recovery from synaptic debecause it never acquires vesicles that recycle slowly pression (L.-G. W. and W. J. B., unpublished data). A (and fill with FM1-43). Our results show that such a slowing of endocytosis would reduce transmitter release fluorescently invisible pathway, if it played a significant as the reserve pool of vesicles becomes depleted, which role in transmitter release, would have to behave in a might protect the muscle from overstimulation and exciway that closely parallels the behavior of the FM1-totoxic damage (Leonard and Salpeter, 1979) . 43-labeled pathway, exhibiting quantitatively similar
The above calculations concern relative rates of endoamounts of synaptic faciliation, depression, and postcytosis. Absolute rates also can be estimated. Assuming tetanic potentiation. Otherwise, the good agreement bethat a frog motor nerve terminal contains about 300,000 tween release of FM1-43 and acetylcholine at 1 Hz and synaptic vesicles and about 300 active zones, then the 30 Hz ( Figure 4D ) would not have been observed. Such rates of retrieval were 3.5, 2.4, and 1.6 vesicle equivastringent requirements make the existence of a functionlents per active zone per second following trains lasting ally significant parallel pathway that never labels with 10 s, 60 s, and 300 s, respectively. Thus, even though FM1-43 an unlikely possibility in frog motor nerve terthere was nearly ten times more membrane externalized minals. after the 300 s train (74% of the vesicle pool) compared In summary, we are at present left with a curious with the 10 s train (8% of the pool), the absolute rate of paradox: clear signs of flickering fusion pores exist retrieval was slower by more than 2-fold. where they are not very effective at discharging vesicular contents (e.g., chromaffin cells), and no clear signs exist where a single flicker would be sufficient to release virtuCa 2؉ and Endocytic Rate ally all small transmitter molecules (e.g., "conventional"
Capacitance monitoring has shown that elevated [Ca 2ϩ ]i synapses like the frog neuromuscular junction and culis required for fast endocytosis in chromaffin cells (Artatured hippocampal neurons). lejo et al., 1995 Burgoyne, 1995) . In goldfish retinal bipolar cells, the opposite conclusion has been reached: endocytosis is inhibited by elevated [Ca 2ϩ ] i (50% inhibiDependence of Endocytic Rate on Duration tion at about 500 nm and complete inhibition at about of Stimulus Train 1 M; von Gersdorff and Matthews, 1994b). Thus, it We found that the time constant of endocytosis inwas naturally of interest to know the effect of [Ca 2ϩ ] i on creased about 20-fold with a 30-fold increase in duration endocytic rate in frog motor nerve terminals. We loaded of stimulation at 30 Hz. This is in agreement with earlier terminals with fura-2 using a modification of the techqualitative predictions based on less direct measurenique of Peng and Zucker (1993) . We found that [Ca 2ϩ ] i ments at frog motor nerve terminals (Heuser and Reese, rose from its resting level of about 100 nM to over 500 1973; Betz and Bewick, 1993) , as well as capacitance nM during nerve stimulation at 30 Hz. After the end of measurements in neuroendocrine cells (Thomas et al., the stimulus train, [Ca 2ϩ ]i quickly fell back to 200-250 nM, 1994) and goldfish retinal bipolar terminals (von Gersand then slowly returned to resting level. This pattern of dorff and Matthews, 1994a Matthews, , 1994b . In cultured hippochanges in [Ca 2ϩ ]i is similar to those observed in crayfish campal terminals, however, stimulus train duration had motor nerve terminals (Kamiya and Zucker, 1994) , squid little effect on endocytic rate measured with FM1-43 giant nerve terminal (Swandulla et al., 1991) , and culuptake (Ryan et al., 1996) . Thus, the same technique tured hippocampal neurons . The (FM1-43 uptake) applied to two different conventional post-tetanic fall in [Ca 2ϩ ] i may reflect mitochondrial upsynapses (cultured hippocampus and frog motor nerve take of Ca 2ϩ from the cytoplasm (rapid phase) followed terminals) gave different results. The hippocampal synby release from mitochondria and extrusion from the apses were stimulated at 20 Hz for 1 s or 5 s, which cell (slow phase), as demonstrated in chromaffin cells evoked exocytosis of about 5% or 25%, respectively, (Herrington et al., 1996) and bullfrog sympathetic neuof the total vesicle population. We stimulated frog motor ronal somata (Friel and Tsien, 1994) . The slow phase nerve terminals at 30 Hz for 10 s, 60 s, or 300 s, which occurred at a rate that, like the rate of endocytosis, evoked exocytosis of about 12%, 40%, or 100% of the depended on the duration of the stimulus train. However, total vesicle population (cf. Betz and Bewick, 1993) . The the similarity between residual [Ca 2ϩ ]i elevation and enhippocampal results of Ryan et al. (1996) plotted with docytic time constant was only superficial, and we found our results ( Figure 2F ) would generate two data points several situations ( Figure 6 , curves b and c, and Figure  at approximately the positions of the arrow head and 7) in which endocytosis was relatively fast while [Ca 2ϩ ] i arrow tail in our Figure 2F , which is the region of maximal was relatively high, leading us to conclude that the time change in the frog data. Thus, the experimental ranges course of endocytosis is not determined solely by the in the two studies overlap extensively and offer no coninstantaneous value of [Ca 2ϩ ] i . This is in agreement spicuous explanation for the different results. Perhaps with conclusions reached from experiments in which changes in extracellular Ca 2ϩ did not significantly affect frog motor nerve terminals, which contain about ten automatically and adjusted manually if necessary to include the endocytic rate in hippocampal neurons (Ryan et al., entire part of the terminal in best focus, and the summed fluores- 1993, 1996) or Drosophila motor nerve terminals (Racence intensity of all pixels inside the outline was calculated. After maswami et al., 1994) . subtraction of background (nonterminal region) fluorescence, the In summary, studies of physiological parameters of average value of the summed fluorescence intensities from the seendocytosis are in only partial agreement (Table 2) , and lected terminals from each preparation was calculated (e.g., Figure  1B ). The dye also passively and faintly stained nerve terminals withit is not clear at present whether differences reflect true out stimulation (e.g., Figure 1B We discarded muscles after one staining protocol, finding it diffihas been shown to inhibit endocytosis in goldfish retinal cult to stain and destain terminals repeatedly, for several reasons.
bipolar terminals, but not in the other preparations.
First, to obtain consistent repeated results from the same terminal requires that the average release probability of a terminal, i.e., the Experimental Procedures number of vesicles being released, during each train of stimulation be the same. However, potentiation of synaptic transmission after General Methods a train of stimulation may last for more than 1 hr (unpublished data), Most methods were the same as those described previously (Betz making the time required for repeated stainings and destainings et al., 1992; Bewick, 1992, 1993) . Frog (Rana pipiens) especially long, and thus the maintaining the neuromuscular junction cutaneous pectoris nerve-muscle preparations were dissected and at the same functional status much more difficult. Second, repetitive mounted in a Sylgard-lined chamber containing the normal frog incubation with FM1-43 increases background staining of muscle Ringer solution (115 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 2.4 mM (probably transverse tubular) membranes leading to increasing fluoNaHCO3). The muscle nerve was drawn into a suction electrode rescence noise as larger background subtractions must be perfor electrical stimulation. For recording endplate potentials (EPPs), formed. curare (1.5 g/ml) was added to the bath solution to prevent contracIn Figure 3B , an iterative procedure was used to calculate the tion of the muscle. Micropipettes (20-30 M⍀) for intracellular reamount of endocytosis. The EPPs from Figure 3A were summed at cording were filled with 3 M potassium acetate. EPPs, sampled intervals of 0.5 s. At each interval, the amount of endocytosis (E) every 0.5-50 s, were displayed on a Tektronix oscilloscope and was calculated by assuming that the endocytic rate constant (kendo) stored and analyzed on a computer running Axobasic. changed as shown by the solid line in Figure 2F (kendo ϭ The fluorescence images of the selected surface terminals were 0.0514·exp Ϫt/56.3 ): E ϭ S·kendo·0.5, where S ϭ summed EPPs. Then viewed with a Nikon upright epifluorescence microscope equipped the new value of S was calculated by subtracting the amount of with a 40ϫ water immersion (0.75 NA) objective lens, a 100 W Hg endocytosis, and the procedure was repeated. At any time, the lamp, 5%-100% neutral density transmission filters, excitation filters value of S represented the predicted amount of unretrieved vesicle (435/10 nm), dichroic mirrors (455 nm), and emission filters (540/ membrane. 100 nm). Images were captured with Photometrics PXL 200 camera (1-2.5 s exposure, gain 4) and processed with a Silicon Graphics Ca 2؉ Imaging Indigo 2 computer running software from Inovision (Chapel Hill, NC)
The method for filling the presynaptic terminals with membraneand G. W. Hannaway (Boulder, CO). impermeant fura-2 was similar to that applied to bullfrog sympaFor experiments examining the rate of destaining (e.g., Figures 3 thetic nerve terminals (Peng and Zucker, 1993) . The motor nerve and 5), terminals were loaded with 4 M FM1-43 during 10 Hz nerve trunk was cut 1-2 mm before the trunk branches into the muscle. The stimulation for 6 min. The dye was washed out 5-10 min after the cut end of the nerve was drawn into a short plastic tube (diameter ‫1ف‬ end of the stimulus train. Images were acquired 1-2 hr after washout mm) and isolated with a plug of petroleum jelly. A small drop (about of the dye. Measurements are expressed as mean Ϯ SEM. Experi-0.3 l) of 50 mM fura-2, pentapotassium salt, was put into the tube. ments were performed over a 15 month period ending June, 1996.
The preparation was then kept 3-4 hr at room temperature and then rinsed with saline and placed in a refrigerator overnight. The long incubation did not significantly alter synaptic function; evoked EPP Measurement of Endocytic Time Course We followed a protocol used to measure endocytic rate in cultured amplitudes, MEPP frequency and amplitudes, and other measures of synaptic activity were not distinguishable from those in freshly hippocampal neurons (Ryan et al., 1993 (Ryan et al., , 1996 Reuter and Porzig, 1995) . Nerve terminals were stimulated at 30 Hz for a certain period dissected preparations. Fura-2-loaded terminals were imaged with a 40ϫ Zeiss water of time (10 s, 60 s, or 300 s) in normal Ringer solution. A "delay time", ranging from 0 to 15 min followed the end of the stimulus immersion lens (0.75 NA), with 360 and 380 nm illumination. Image pairs for ratioing were acquired within 3.5 s using a 1.5 s exposure train, and then FM1-43 (4 M) was added to the bath solution. The dye incubation time was 1 min, 3 min, or 20 min for 10 s, 60 s, and at each wavelength. The outline of the terminal was drawn by eye on one image, and the integrated fluorescence intensity was deter-300 s stimulus train durations, respectively. The dye incubation time was long enough to permit endocytosis to reach completion. Solumined for each image. Background fluorescence was determined from a part of the muscle lacking nerve terminals and was subtracted tions were changed within a few seconds by pouring off one solution and adding another. The chamber was then swirled by hand continubefore fluorescence ratios were calculated. Calibration of the imaging system was accomplished by measuring fluorescence ratios ously and frequent additional solution changes were made. For each delay time, several nerve-muscle preparations were subjected to obtained with 50 M fura-2 in a Ca 2ϩ calibration buffer kit II (Molecular Probes, Eugene, OR). Ratios were converted to [Ca 2ϩ ] using the same treatment. For each preparation, four to five bright surface nerve terminals were selected by eye for quantitation of fluoresequation 5 of Grynkiewicz et al. (1985) , after application of a viscosity correction corresponding to a 30% reduction in the minimum and cence intensity. The outline of each selected terminal was marked maximum 360 nm/380 nm fluorescence ratios (Almers and Neher, Grynkiewiez, G., Poenie, M., and Tsien, R.Y. (1985) . A new generation of Ca 2ϩ indicators with greatly improved fluorescence properties. J. 1985; Delaney et al., 1989) .
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